In this paper a robust road departure avoidance system based on a closed-loop driver decision estimator (DDE) is presented. The goal is that of incorporating the driver intent in the control of the vehicle. The proposed system ensures that the vehicle remains within the road borders with minimal effect on the driver demand. Numerical simulations show the effectiveness and robustness of the proposed approach. A comparison between the presented method and the generalization of methods available in the literature is presented.
INTRODUCTION
Statistics show that most car accidents are associated with drivers' errors (Kim et al., 2008) . Driver assistance systems (DAS) could therefore improve road safety considerably. DAS can correct driver's input in case of distractions or errors (Oya et al., 2007) . Several systems are being developed: adaptive cruise control (ACC), road departure avoidance (RDA) and driver drowsiness detection are examples of such systems. Highway road departure avoidance (Alirezaie et al., 2010 , Rossetter, 2003 , Oya et al., 2007 is one of the most interesting applications. Such systems use active steering to prevent the vehicle from departing the road (or lane in some applications). They are particularly promising because on one hand, being developed for highway driving, they can take advance of the highly structured environment (mostly straight roads with well marked lanes, unidirectional traffic and rather uniform surface) and on the other hand, given the high driving velocities, they have a great potential of saving lives.
Driving assistance systems can be classified along two axes: sensing scheme and interaction with the user. Two sensing schemes exist (Shladover, 1991) : look down where the measurement of the vehicle lateral position relies on buried magnet (or other devices on the road) and look ahead in which the position of the vehicle is measured via visual feedback. The second approach is advantageous for two reasons: it does not require modification of the infrastructure and the look ahead capability yields a better control of the trajectory (Patwardhan et al, 1997) . The second axis refers to how the user's input is accounted for. One of the most daunting tasks for DAS's is to meet the safety objectives without altering the driving experience when not needed. These difficulties arise from the problem of assessing the driver's intentions (Boyraz et al. 2009 ). With this regard two different approaches have been explored. The indirect approach does not consider the driver as part of the control loop (Minoiu et al., 2009) . Such systems are switched on when the hazard condition is detected and neglect the driver decision. In case of false activation they heavily modify the behaviour of the vehicle and may not be well accepted. The second approach, referred to as the direct approach, accounts for the driver's intentions (Cerone et al., 2009 , Petersson et al., 2005 , Rossetter, 2003 . Measureable user inputs like steering torque or steering wheel angle are used to interpret his/her intentions. Although the direct approach has the potential of not altering the driving experience, the methods usually rely on an open loop estimation of the driver intention (Cerone et al., 2009 ). This may introduce the generation of a control action also when not needed. This paper proposes a novel road departure avoidance system. The proposed method is a look ahead method that extends the direct approach by adding a closed loop Driver Decision Estimator (DDE). It is assumed that the vehicle is equipped with a visual system to measure the lateral position of the vehicle and with an active steering system. The DDE yields an unbiased estimation of the driver's desired path based on the position of the vehicle and control input. The proposed system is constantly active so no on/off strategy is needed. It is shown that when the vehicle is pointing toward a safe region no control action is performed (and thus the vehicle dynamics are not altered), and even in case of aggressive manoeuvres that are erroneously interpreted as dangerous the proposed controller has a minimal effect of the vehicle dynamics.
The content of the paper is organized as follows. In Section 2, the vehicle-road model is described. A more precise classification of the available approaches is given in Section 3 and the concept of the DDE is introduced. In Section 4 a robust controller is designed. Simulation results are presented in Section 5.
VEHICLE-ROAD MODEL STRUCTURE
The vehicle is assumed to be equipped with a vision system and a steering actuator. The vision system measures the lateral offset between the vehicle and the road centreline x la meters away (see Fig. 1 ). In figure, two reference frames are defined: n-t and n la -t la the n axis being normal to the road centerline and the t axis tangential to it. The origins of the reference coordinates are respectively located at the C.G. of the vehicle and at the intersection between the centerline and the normal to the road through the point x la meters ahead of the vehicle. The distance between this point and the centerline is y la and represents the visual feedback signal. The components of the vehicle velocity in the n-t coordinates are: sin( ) cos( )
V ψ is the yaw angle of the vehicle with respect to the centreline. From (1) and defining R ψ as the rotation between the n-t and n la -t la reference frames, the time derivative of y la is:
substituting (1) in (2) one obtains:
Assuming V ψ and R ψ are small enough i.e. (sin( )
where, .
ψ is defined as the vehicle longitudinal velocity divided by road curvature ( / ) u R :
Rewriting the classical bicycle model (Gillespie, 1992) augmented with the look ahead distance equations (4) and (7), the vehicle-road model can be described in state space as: 
From (8), the transfer function from the steering angle to y la is:
The two integrators arise from positional states and two other poles determine the vehicle handling. Note that the model, although simple, is suitable for highway traffic. In fact unmodeled dynamics are little excited in highway driving, usually characterized by slow steering action, slow velocity variation and small pitch and roll angles. The nominal parameters used in the model are shown in Table 1 . 
DRIVER DECISION ESTIMATOR
In this section different approaches to design RDA systems and their characteristics with respect to the driver's input are explained in details and the novel scheme is proposed. Accounting for driver intents is critical for the user acceptance of the DAS. To better assess the issue consider the uncontrolled case of Fig.2 . In this scenario a driver keeps a constant steering angle of 1 deg for 5 seconds; after this period, he tries to return the vehicle to the road border by steering to the opposite direction. Ideally the objective is to keep the vehicle in the safe region (that y L extend meters to boths side of the center line), one way to do is to force y la to stay in the safe region. So, it is desirable that the system keeps y la in the safety limit; on the other hand it is also important that the systems responds as soon as the driver acts on the steering wheel to correct the trajectory. In the introduction two approaches are outlined: the direct and indirect approaches. The generalized block diagram of the indirect concept is drawn in Fig. 3. d δ , C δ and C G are the driver input, control input, and transfer function of the controller. The saturation is used to define the safe region for y la as shown in Fig.2 . This approach does not take the driver explicitly into account. The main drawback of this approach is it considerably affects the dynamics of the vehicle also when not needed. Consider the above maneuver, during the time period when |y la |> y L an active steering angle is generated; once the driver steers back toward the centerline the control system should be deactivated, but if a deactivation logic is not present, the control action will got to zero with G c dynamics, thus a "residual" undesired control action will be present. In the direct concept (see Fig. 4 ), the driver desired path is estimated by using the driver input, for example in Cerone et al., 2009 ) the steering torque is measured. In general, the driver behaviour is computed based on driver's input and an estimated vehicle-road model( ) G . If an accurate model of the vehicle is used then the ideal objective is achieved: the control system intervention is limited only to the period when |y la |> y L . The main problem with this method lies in modelling errors. ˆ y lad is generated in open loop and any error in the model will modify the driving experience, yielding a control action also when the manoeuvre is safe. Fig. 4 . Block diagram of the direct method.
Here we propose a modification of the direct approach based on the closed loop generation of ˆ y lad . Fig. 5 shows the proposed block diagram of the RDA system based on the Driver Decision Estimator (DDE). As before, Ĝ is an estimated transfer function of the vehicle model. According to the block diagram and considering G as a transfer function of the vehicle, y la is computed as ( ). 
ˆl ad y is the estimation of the driver desired lateral offset between the vehicle C.G. and centreline at the lookahead distance. It is computed in the proposed DDE as, ˆ. 
Depending on the status of the saturation the following cases are given:
Equations (18) show that while the estimation of the driver behaviour is within the lane borders the controller has no effect on the driver demands. Otherwise, if the driver input keeps the vehicle out of the safe region, the controller becomes active. It should be noted the vehicle model ( ) G is only used for generating the condition of equation (18) and has no direct influence on the closed loop behaviour. According to equation (18), when the estimation of driver desired lateral offset is in the safe region, the controller has no effect on the system. In the unsafe area the driver demand is considered as a disturbance for the control system. If a the same analysis is repeated for the direct approach, it is obtained that:
The controller will affect the driver experience also when in the safe region. Equations (19) also point out that if Ĝ G = the both direct and proposed method work similar.
ROBUST CONTROLLER DESIGN
In this section a robust road departure avoidance closed loop controller is designed.
The model derived in Section 2 can be reduced using the balanced truncation method (Skogestad et al., 2007) . The state space of the reduced order model is determined as, 4 th order model and the reduced order. As it can be seen from figure the reduced order model provides a good approximation up to 10 rad/s. The reduced order model is affected by two sources of error: the order reduction and parameters uncertainty. These modelling errors are modelled as multiplicative uncertainty (Skogestad et al., 2007) : 
According to (18) the DDW and the estimated model only determines the activation of the road departure avoidance system. When it is active the saturation block generates a reference that the controller tracks. Thanks to these considerations the closed loop controller can be designed neglecting the DDE and focusing only on the vehicle dynamics. To guarantee robustness, an H ∞ controller is designed based on the interconnection scheme shown in Fig. 8 . The reference model design approach is easily recognized from the scheme. The design relies on the definition of several weighting functions:
• It is thus possible to design a robust controller c G that satisfies the robust stability condition and has a γ < 1.
SIMULATION RESULTS
In this section the performance of the proposed system is validated in simulation. The system is first validated with a dangerous manoeuvre and then the dynamic behaviours of the proposed strategy are compared to the other approaches. Fig. 8 . Interconnection scheme. Fig. 9 shows the lateral offset at the look ahead distance, the vehicle trajectory and the control action as a response to a steering angle step input. This simulation is representative of a driver falling asleep, for example. As expected in this case the controller activates as soon as y la exits the safe bounds and the vehicle is successfully kept on the road. All the approaches previously discussed are able to deal with this situation in a satisfactory way. Analysing a case which shows the effect of each approach on driver's intent is more interesting. Fig. 10 shows the results of a simulation for the direct, indirect and proposed control schemes. In the simulation, the driver applies constant steering angle till 9 seconds; subsequently he tries to steer the vehicle back to the centre of the road. Notice that the reduced order model is used in the estimation block of both the proposed and direct methods. From figure the following comments can be drawn:
(1) all three approaches are safe; none of them causes the vehicle to leave the road. (2) The indirect approach tends to overcorrect; this is due to the intrinsic asymmetry of the architecture. In the presented form the control system can only correct if the vehicle is leaving the road. Once the vehicle has been pointed back to the road the error as seen by the controller is zero and thus the controller action (because of the integrator like behavior) will respond very slowly. A deactivation logic is needed to avoid interfering with the driver (see for example (Minoiu et al., 2009) ). (3) As pointed out by (Cerone et al., 2009 ) the direct approach does not need such deactivation logic. However the figure shows that the performance of the direct method heavily depends on the accuracy of the model. The proposed method is more robust to model uncertainties. Because of modelling errors, the direct approach considerably changes the dynamics of the vehicle by applying a positive steering angle during the first phase of the manoeuvre. Notice further that when the manoeuvre is concluded the proposed approach control action returns to zero while a residual control action is left by the direct method. The proposed method gives a more natural feeling to the driver.
CONCLUSIONS
The problem of designing a robust road departure avoidance system has been presented. The proposed approach is based on a closed-loop estimation of the driver intentions. It is shown, that the proposed approach successfully prevents the vehicle from leaving the road and has a reduced effect on the driver desired intent which is the main factor in user acceptance of the DAS. 
